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Hydrogen-rich Core Collapse Supernovae
Iair Arcavi
Abstract Hydrogen-rich core collapse supernovae, known as “Type II” supernovae,
are the most common type of explosion realized in nature. They are defined by the
presence of prominent hydrogen lines in their spectra. Type II supernovae are ob-
served only in star-forming galaxies, and several events have been directly linked
to massive star progenitors. Five main subclasses are identified: Type IIP (display-
ing a plateau in their light curve), Type IIL (displaying a light curve decline), Type
IIn (displaying narrow emission lines), Type IIb (displaying increasingly strong He
features with time) and 87A-likes (displaying long-rising light curves similar to that
of SN 1987A). Type IIP supernovae have been robustly established as the explo-
sions of red supergiants, while the progenitors of Type IIL’s remain elusive. Type
IIn’s are likely linked to luminous blue variables, Type IIb progenitors may be in-
teracting binary systems and the prototype of the 87A-like class was observed to
be the explosion of a blue supergiant. The diversity in progenitor mass, metallicity,
binarity and rotation is likely responsible for the diversity in observed explosion
types, but the connection between progenitor parameters and supernova properties
is not yet entirely understood theoretically nor fully mapped observationally. New
observational methods for constraining this connection are currently being imple-
mented, including the analyses of large samples of events, making use of very early
data (obtained hours to days from explosion) and statistical studies of host-galaxy
properties.
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1 Introduction
The first identification of supernovae (SNe) with hydrogen features in their spectra
was reported by Minkowski (1941) [1] who also suggested the “provisionary” name
of “Type II” SNe (distinct from “Type I” SNe which do not display hydrogen in their
spectra). To this day, we still refer to H-rich SNe as “Type II”. They are defined ob-
servationally by the presence of broad (few thousand km s−1) hydrogen lines (most
notable of which is the Balmer Hα line at rest wavelength 6563A˚) in their spectra.
Type II SNe are exclusively found in star-forming galaxies, and several direct
pre-explosion progenitor images reveal supergiant stars at the positions of Type II
SNe (see “Supernova Progenitors Observed with HST”). SNe II are thus considered
to be explosions of massive (& 8M) stars which have retained some or all of their
hydrogen envelope prior to explosion.
2 Subclasses
Five main subclasses of Type II SNe have been identified. Initially, Type II SNe
were divided into IIP events (for “plateau”) displaying constant luminosity for ap-
proximately 100 days in their light curves, and IIL events (for “linear”) displaying
a linear decline in their light curves (in magnitude space) [2]. This nomenclature
persists until today, though it is still being debated whether the explosions span a
continuous class of light curve decline rates or whether IIP and IIL are indeed two
populations. These two classes are often together referred to as “normal Type II
SNe” or just “Type II SNe”. Here I will use the term “Type II SN” to refer to all
H-rich subclasses (not just IIP and IIL SNe).
The third subclass, Type IIn, is identified by narrow (few hundred km s−1) hy-
drogen emission lines with broad bases seen in the spectra [3]. The narrow com-
ponent of the lines is attributed to slowly-moving circumstellar material ejected by
the SN progenitor before explosion [4]. Type IIn SNe are themselves very diverse
photometrically and are discussed in detail in “Interacting Supernovae”.
Some SNe have been observed to display prominent broad hydrogen lines early
in their evolution but later these lines weaken and the spectra become helium-
dominated. At these later times these SNe look like Type Ib events (i.e. SNe with
no hydrogen but with strong signatures of helium; see “H-poor Core Collapse Su-
pernovae”). These intermediate II - Ib events have been classified as Type IIb SNe.
Their progenitors may have experienced an intermediate stripping level between
those of H-rich SNe II and those of H-poor SNe Ib.
Finally, the closest SN in modern times, SN 1987A (see reviews [5, 6]), which
exploded in the Large Magellanic Cloud (LMC), was a Type II SN, but it does not
belong to any of the above subclasses. It displayed broad hydrogen emission like a
SN IIP, but its light curve showed a long (∼ 80 day) rise rather than a plateau. For
lack of a better name, events similar to SN 1987A are called 87A-likes. Such events
are rare (∼ 1−5% of all SNe; [7, 8]).
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The five Type II SN subclasses and their definitions are summarized in Table
1, together with well-observed SNe considered the “prototypical example” of each
class. SN 1979C has been long considered the prototype of IIL SNe, however it
turns out that SN 1979C is actually different than what today is referred to as IIL’s
(SN 1979C is more luminous than recent IIL’s, displayed early signs of possible
interaction, and may have a different light curve decline as explained in Section
5.1). Since the definition of a IIL is still not quite clear, there is no single SN which
is considered the true representative of this class. There is also no clear prototypical
event for the diverse Type IIn class (see “Interacting Supernovae”).
Table 1 Division of H-rich SNe into subclasses (all spectroscopic properties are in addition to
strong hydrogen lines, which define the entire Type II SN class). Several pieces of the defini-
tions were never formulated, making it unclear whether this subdivision is complete or exhaustive.
Events considered prototypical for each class are listed, though recently it has been realized that
SN 1979C is not a typical member of the IIL subclass.
Subclass Photometric Properties Spectroscopic Properties Prototypical
Example
IIP Plateau in light curve SN 1999em
IIL Linear decline in light curve SN 1979C?
IIn Narrow hydrogen lines
IIb H-dominated then He-dominated SN 1993J
87A-like Long light curve rise SN 1987A
The subdivision into IIP, IIL, IIn, IIb and 87A-like is based on a mix of spec-
troscopic and photometric features, and is not necessarily mutually exclusive nor
complete. In addition, the defining criteria are rather vague and non-quantitative.
Natural questions which arise are: Do IIP’s and IIL’s have different spectroscopic
properties? What are the light curve properties of IIn’s and IIb’s? What defines a
plateau vs. a decline of the light curve? How different are all of these classes and
what are the distributions of the observed parameters?
It is only in recent years that we are starting to answer these questions. Of course,
the main motivation for quantifying the observed subclasses is to answer the bigger
question: What are the different progenitor systems that lead to the different explo-
sions and why?
3 Progenitors
One way to answer the progenitor question directly is to identify the pre-explosion
stars in high-resolution archival imaging of SN sites. This method and what we have
learned from it are discussed in detail in “Supernova Progenitors Observed with
HST” (see also [7] and [9] for reviews). Here we summarize the main results con-
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cerning Type II SNe (see also Table 2). We begin with the most strongly constrained
scenario and move to the least constrained one.
3.1 IIP SNe From Single Red Supergiants
Several progenitors of Type IIP SNe have been directly identified as single red su-
pergiants (RSGs) with masses in the range 10−17M. RSGs are stars with extended
hydrogen envelopes. Such envelopes are directly responsible for the plateau seen in
the light curve of the ensuing SNe (see Section 5 and “Light Curves of Type II
Supernovae”).
3.2 87A-Like SNe From Blue Supergiants
SN 1987A, on the other hand, was the explosion of a more compact blue super-
giant (BSG; see “Progenitor of SN 1987A”). Standard stellar evolution theory did
not predict stars would explode in their BSG phase. Models later showed that low
metallicity, fast rotation or binarity could in fact allow stars to explode as BSGs
[10]. SN 1987A was indeed in a low metallicity galaxy (the LMC), and the complex
geometry of its remnant suggests its progenitor may have had a binary compan-
ion. It may have also been the rapidly rotating product of a binary merger [11, 12].
Other 87A-like SNe are also found in low-metallicity environments (see Section 7).
The small radius of a BSG compared to a RSG could explain why 87A-like SNe
don’t show a plateau in their light curve (see Section 5 and “Light Curves of Type
II Supernovae”).
3.3 IIb SNe From Yellow Supergiants With Binary Companions
A few Type IIb SNe progenitors have been identified as yellow supergiants (YSGs),
with a binary companion seen in the case of SN 1993J ([13] and possibly also for
SN 2008ax [14, 15] and SN 2011dh [16] (but see also [17]). An interacting binary as
the progenitor system for Type IIb SNe may explain the low hydrogen content seen
in the SN spectra resulting from envelope stripping by the companion prior to ex-
plosion. It can also explain the peculiar density structure inferred for some Type IIb
progenitors from double peaked light curves (see Section 5.3). Chevalier and Soder-
berg (2010) [18] suggest that both compact and extended progenitors can produce
IIb SNe, producing two subtypes which they name cIIb’s and eIIb’s respectively.
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3.4 IIn SNe From LBVs
One Type IIn SN progenitor was detected and identified as a luminous blue variable
(LBV) [19, 20]. LBV’s are evolved massive stars undergoing periods of enhanced
mass loss. They are most commonly considered to be in transition to a Wolf-Rayet
phase. Recently, Smith and Tombleson (2014) [21] suggested that LBVs are actu-
ally mass gainers in interacting massive-star binary systems, but Humphreys, Weis,
Davidson and Gordon (2016) [22] challenge this interpretation. Either way, LBV’s,
being very massive, experience substantial mass-loss, possibly generating a H-rich
wind around them. This would explain the narrow spectral features and the long-
lived and occasionally very luminous light curves of Type IIn SNe.
3.5 IIL SNe
No clear progenitor detections are available for IIL SNe. Elias-Rosa et al. (2010)
[23] identify a possible YSG progenitor for SN 2009kr, but that source may have
actually been a compact cluster [17], and the SN may have actually been a Type IIP
event [24]. Progenitor non-detection limits rule out a RSG more massive than 18M
for SN 1980K [25]. Elias-Rosa et al. (2011) [26] investigate the progenitor for the
IIL SN 2009hd, but due to heavy extinction to the SN location can not determine if
the progenitor was a RSG or YSG.
Table 2 Likely progenitors of the different H-rich core collapse SN subclasses and the evidence
for them.
Subclass Progenitor Direct Evidence Indirect Evidence
IIP RSG Multiple progenitor detections Light curve plateau indicative of a
thick H envelope
IIL ?
IIn LBV Single progenitor detectiona Light curve and spectral features in-
dicative of CSM interaction
IIb YSG
(in a binary)
Few progenitor detections Light curve and spectral features in-
dicative of a H-deficient envelope
87A-like BSG Single progenitor detectionb Light curve shape indicative of a
compact progenitor
a SN 2005gl
b SN 1987A
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4 Relative Rates
The most recent SN rate measurements were conducted by Li et al. (2011) [27] using
the Lick Observatory Supernova Search (see also [28, 29, 30, 31, 7]). While Type
Ia’s are the most commonly observed SN (Fig. 1) due to their high luminosity (see
“Type Ia Supernovae”), Type II SNe are intrinsically the most common SN type,
comprising 57% of all SNe (Fig. 2). Of all Type II SNe, IIP’s are the most common,
though, as mentioned, the distinction between IIP and IIL is not yet entirely clear.
Fig. 1 Observed rates of Type
II SNe compared to other
SN types (left) and of the
subclasses of Type II SNe
(right) relative to each other,
from [27]. Type Ia’s are the
brightest class of explosions
considered in this chart, and
are thus the most frequently
observed. Figure adapted
from [27]
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Fig. 2 Intrinsic rates of Type
II SNe compared to other
SN types (left) and of the
subclasses of Type II SNe
(right) relative to each other,
from [27]. Type II SNe are the
most common type of stellar
explosion, and among them,
IIP’s are the most common
subclass (87A-likes constitute
. 1− 3% of Type II SNe
and are not considered in this
plot). Figure adapted from
[27]
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Measuring intrinsic SN rates (or even relative rates) is a tricky endeavor. The
question of whether a SN survey is complete out to a certain distance (i.e. that it
will not miss any SNe below the survey limiting magnitude) is difficult to answer
since we don’t know the full luminosity distribution of all SN types. In addition,
some SN types may be more affected by dust compared to others, making them
more difficult to detect in the optical (see e.g. [32, 33, 34] for infrared studies of
dust production in H-rich SNe). Another issue is whether different SN types prefer
different galaxy types. Most SN surveys used for rates measurements were targeted
surveys (in that they target known bright galaxies as potential SN hosts). Recently,
untargeted surveys (which blindly search the sky) have been finding SNe in previ-
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ously uncatalogued dwarf galaxies at different relative rates as in giant galaxies (see
Section 7).
5 Light Curves
SN light curves encode information about the progenitor star, the explosion mech-
anism, the circumstellar material ejected by the progenitor prior to explosion and
occasionally about the central remnant produced by the collapse of the core. Figure
3 displays typical R-band peak magnitude distributions for the different H-rich SN
subtypes.
Fig. 3 R-band peak magni-
tudes of H-rich SNe. Type IIn
events, which are powered
by substantial CSM inter-
action, display the largest
spread in peak luminosities
and are the most luminous.
Data from [35] and Faran,
Private Communication for
IIP and IIL’s; From [36] and
references therein, and [37]
for Type IIn’s; From [38] and
references therein, and [39]
for Type IIb’s; From [40]
and references therein for
87A-likes.
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A quantitative analysis of H-rich SN emission parameters can be found in “Light
Curves of Type II Supernovae”. Here I provide a qualitative summary of the different
mechanisms and stages that can contribute to the light curve of H-rich SNe.
1. Shock Breakout - As the shock (created by the rebound of the in-falling material
on the newly formed proto-neutron star) reaches the surface of the star, it releases
a brief (minutes to hour) pulse of X-ray and UV radiation (e.g. [41, 42, 43]; see
also “Shock Breakout Theory”). Shock breakout emission, generally, has been
observed in only very few cases [44, 45, 46].
2. Shock Cooling & Ejecta Recombination - The heated and ionized ejecta emit
radiation as they cool and recombine (hereafter I refer to both these stages as
“cooling”). Depending on the radius, mass and density profile of the recombining
hydrogen layer, this can result in a plateau of the light curve, which is the defining
property of Type IIP SNe, or in a decline of the early light curve, as observed for
some Type IIb SNe. Both of these cases are discussed in more detail below.
3. Radioactive Decay - The shock deposits its energy not only in heating and ion-
izing the envelope, it also synthesizes heavy nuclei, some of which decay and
radiate [47, 48]). The main radioactive product is 56Ni which decays to 56Co
with a half-life of ∼ 6 days. 56Co then decays to the stable 56Fe with a half-life
of ∼ 77 days. These processes occur through electron capture and β+-decay,
producing high energy photons (in the γ regime). Some of these γ photons will
be down-scattered to optical wavelengths before emerging from the ejecta. The
effect on the light curve depends on the amount of 56Ni produced and on the frac-
tion of photons that are down-scattered by the ejecta (sometimes referred to as
the “degree of trapping”). The luminosity produced from radioactive decay can
briefly extend the plateau of type IIP SNe [49], is responsible for the main light
curve peak in Type IIb SNe and powers the late-time light curve of all SN types.
Additional radioactive elements such as 44Ti can also contribute to the emission,
but at a much lower level or at much later times than the 56Ni→56 Co→56 Fe
channel.
4. CSM Interaction - For stars exploding inside a dense circumstellar medium
(CSM), additional emission is produced when the SN ejecta collide with the
CSM. Such collisions tap into the vast kinetic energy of the ejecta, converting
some of it to radiation. Interaction can be the main power source for Type IIn
SN light curves in the optical, keeping them bright for extended periods [50] (see
“Interacting Supernovae”). CSM interaction can also produce radio and X-ray
emission.
5. Magnetar Rotational Energy - It has been suggested [?, 51]) that rapidly rotat-
ing magnetars (with periods of less than 30 ms) created in core collapse events
could impact the light curve. However, it is not currently known which H-rich
SNe could produce such rapidly rotating magnetars, if at all.
6. Fallback Accretion - If a black hole is formed from the collapsing core, addi-
tional material falling back on it may produce accretion luminosity [52, 53, 54].
Below I focus on the roles of shock cooling (including recombination) and ra-
dioactive nickel decay in generating the different Type II SN light curves. CSM in-
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teraction is covered in “Interacting Supernovae”, fall back accretion are discussed in
“Unusual Supernovae and Alternative Power Sources”. Magnetar power is also dis-
cussed in “Superluminous Supernovae”, as it has been suggested as a likely power
source for those extreme events. The shock breakout phase is a powerful diagnostic
of SN progenitor properties, but currently very few observations of this brief phase
exist. Shock breakout is discussed further in “Shock Breakout Theory”.
5.1 IIP/IIL SNe
5.1.1 The Plateau
As mentioned in Section 3, the progenitors of SNe IIP are RSGs. RSGs are massive
stars with very thick hydrogen envelopes. Here I present a simplified picture of how,
after explosion, the energy deposited by the shock in the hydrogen envelope creates
a plateau in the light curve. A more quantitative description was first provided by
Chevalier (1976) [55] and is discussed in “Light Curves of Type II Supernovae”.
1. After core collapse, a shock wave is sent into the hydrogen envelope, ejecting,
heating and ionizing the material in the envelope.
2. The ejecta expand and gradually cools from the outside inwards, forming a tem-
perature gradient. The location inside the envelope where the temperature equals
the recombination temperature of hydrogen is called the recombination front.
Outside of the recombination front, the material is cooler than the recombination
temperature, while inside the recombination front, the material is still ionized.
Since neutral hydrogen is transparent, while ionized hydrogen is highly opaque
(due to Thompson scattering off the free electrons), the recombination front is
also the photosphere (i.e. photons can travel more or less freely from the recom-
bination front outwards).
3. The first optical radiation is thus emitted from the outer ejecta without having to
diffuse through a large amount of mass. This causes the light curve to rise rapidly
(Fig. 4). This rapid rise is not seen in stripped-envelope SNe with nickel-decay
powered light curves, since that emission has to diffuse out from the center of the
ejecta, where most of the nickel is created.
4. The recombination front recedes inwards in mass through the ejecta, as the en-
velope expands in radius (Fig. 5). This causes the radius of the recombination
front / photosphere to be roughly constant. Since the temperature at the photo-
sphere is constant (approximately following the recombination temperature) and
the radius of the photosphere is constant (due to the counter effects of it receding
inside an expanding envelope), then the luminosity is roughly constant, produc-
ing a plateau in the light curve.
5. As the recombination front reaches the base of the envelope, the luminosity sud-
denly drops. All of the energy from the shock that was stored in the envelope has
now been released. Additional photons from nickel decay, trapped in the opaque
ejecta, are also instantaneously released at this stage, causing a drop in the Ni-
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power component as well (which is why Ni-powered 87A-like events show a
drop at a approximately the same time; Fig. 11).
As the photosphere recedes, more and more Fe-group elements outside the photo-
sphere re-absorb some of the light emitted at the photosphere. Fe-group elements
absorb mostly blue light, thus a decline in luminosity is observed in bluer wave-
lengths, whereas a plateau is observed in redder wavelengths (less affected by Fe-
group absorption).
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Fig. 4 R-band light curves of the rise to the plateau for Type IIP SNe from [56] and references
therein. Most SNe IIP rise very quickly (within a few days) to their plateau.
Thus, the plateau in the light curve is powered from the cooling of the ejecta
which was heated by the shock. The ionized envelope acts as a reservoir of energy
deposited by the shock, slowly releasing it as radiation. For reasons that will become
clear later, it is not a good idea to call this phase in the light curve “the plateau
phase”, but rather we will refer to it as “the optically thick phase”, as suggested by
Anderson et al. (2014) [57].
5.1.2 The Nickel Decay Tail
The amount of 56Ni produced in a Type IIP SN is 10−4− 10−2M (e.g. [58], [59]
and references therein). Nakar et al. (2016) [60] propose that as much as 20% of the
flux released during the optically thick phase is from 56Ni decay. Kasen and Woosley
(2009) [49] show how large amount of 56Ni can even extend the plateau. When the
optically thick phase is over (i.e. the recombination front has receded all the way to
the base of the envelope), 56Ni decay becomes the dominant power source and the
light curve drops down to the 56Ni decay-powered tail.
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Fig. 5 Simplified illustration of a slab of expanding ejecta in a Type IIP SN (the direction of ex-
pansion is shown by black arrows). The outer, less dense, ejecta cools first, forming a temperature
gradient. Since ionized hydrogen is opaque (due to Thompson scattering off the free electrons),
the ejecta is divided into a transparent region (cooler than the recombination temperature) and an
opaque region (hotter than the recombination temperature). The recombination front is therefore
also approximately the photosphere (white dotted line). This front recedes in the expanding ejecta
(white dotted arrows) as it cools from the outside in, maintaining a roughly constant physical ra-
dius. The constant radius and temperature that set the photosphere produce the constant luminosity
that defines Type IIP SNe, until the ejecta fully recombines and all of the shock-deposited energy
is released.
5.1.3 The IIP/IIL Division
Plateau luminosities are observed across a large range [62, 63], from faint IIP’s with
a plateau magnitude of −14 to more luminous events at magnitude −18 (this is a
factor of∼ 40 in luminosity). The plateau lengths, on the other hand, are surprisingly
uniform compared to the scatter in luminosities [64, 65, 57]. The scenario above
intuitively suggests that the duration of the optically thick phase should depend on
the mass of the hydrogen envelope of the star just before it exploded. Indeed, Popov
(1993) [66] finds that the plateau length, tp should depend mostly on the progenitor
mass, M, with tp∝
√
M.
However, only a relatively narrow scatter of plateau lengths is observed, or no
plateau at all (for SNe IIL), but nothing in between (i.e. no short plateaus of a few
tens of days have been observed). Regarding a continuous single-population in light
curve decline rates (from zero for IIP’s to non-zero for IIL’s), this is still under
investigation. Arcavi et al. (2012) [64] and Faran et al. (2014) [35] find a clear
division between IIP and IIL light curves. Anderson et al. (2014) [57] and Faran et
al. (2014) [67], on the other hand, see a continuum of light curves (Fig. 7), though
it’s not yet clear if this is more consistent with one or possible two (overlapping)
populations. Comparing these samples is not trivial for several reasons. The samples
themselves are drawn from various surveys with different inherent selection biases
and data quality. Also, the bands observed by Arcavi et al. (2012) [64] and Anderson
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Fig. 6 Multi-band light curves of the Type IIP SN 2013ab from [61]. A ∼ 100-day plateau can be
seen in the redder bands, while the blue bands decline due to increasing Fe-group line absorption.
At roughly 100 days, the photosphere recedes to the base of the (ejected) hydrogen envelope and
the luminosity drops rapidly to the 56Ni-decay power tail. The bolometric light curve of the Type
IIP SN 1999em is presented in Figure 11. Plateau luminosities are observed in a large range of
magnitudes (−14 to −18), but plateau lengths are typically tightly scattered around 100 days.
et al. (2014) [57] behave differently (R-band vs. V -band; Fig 6), though Faran et al.
(2014) [65] see the IIP-IIL division in all bands. Additionally, the sample sizes are
different, and the definitions used in the various works for parameterizing the light
curves are not uniform.
An important clue regarding the nature of IIL SNe and their relation to IIP events
is that IIL light curves also show a sudden drop (if observed long enough) as seen in
the end of the optically thick phase of Type IIP light curves (Fig. 8) [68] (suggested
earlier by Anderson et al. (2014) [57], but their data were not as conclusive). This
observation suggests that Type IIL SNe also go through an optically thick phase,
except it is not at constant luminosity like in Type IIP’s. Intermediate objects be-
tween IIP and IIL events are thus not expected to look like IIP’s with short plateaus,
but rather IIP’s with a decline (also in the redder bands) during their optically thick
phase (i.e. that plateau perhaps gradually converts into a decline as one moves from
IIP to IIL).
All IIL SNe that have been observed long enough show such a drop, except for
possibly SN 1979C (until recently considered the prototypical IIL), though there is
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Fig. 7 Two separate populations, two overlapping populations or a single continuous one? Top:
Noramlized Type II SN light curves in R-band from [64] (see also [65]) displaying distinct light
curve populations for IIP, IIL and IIb light curves (with IIb being the most rapidly declining).
Bottom: V -band from [57] (see also [67] displaying a continuum of light curve decline rates from
IIP to IIL SNe.
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a gap in the data where its light curve drop might be. For IIL’s where a drop is
observed, it generally occurs slightly before the typical 100-day occurrence of Type
IIP light curve drops.
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Fig. 8 V-band light curves of Type IIP/L SNe from [68] and references therein. The parameter
s50V is the V -band decline rate (in magnitudes per 100 days) measured between maximum light
and 50 days post explosion. The rapidly declining events (considered IIL’s) shown here all have a
“drop” indicative of a switch in power sources from cooling to radioactive decay, marking the exis-
tence of an optically thick phase like for IIP SNe. Curiously, SN 1979C (until recently considered
the prototypical IIL) may be the only event without such a drop. Figure from [68].
Patat et al. (1994) [63] and Li et al. (2011) [27] found that generally IIL SNe are
brighter than IIP SNe. This was more recently confirmed in a correlation found by
Anderson et al. (2014) [57] that SNe with higher light curve rates of decline during
the optically thick phase are brighter at peak (Fig. 9). Together with the Valenti
et al. (2015) [68] result, this suggests that Type IIL’s could be Type IIP’s with an
added luminosity component. This component declines with time and thus appears
mostly during the optically thick phase. The nature of this added component is not
yet clear. It may be from a larger initial progenitor radius for IIL’s compared to
IIP’s, from interaction with a more massive CSM for IIL’s, from power injected
from a newly formed magnetar, or something else. One caveat to this picture is the
shorter optically thick phase for IIL’s compared to IIP’s (Fig. 8), indicating there
may still be something intrinsically different between these subclasses, in addition
to the added luminosity component.
The origin of IIL SNe and their connection to IIP SNe remains a topic of de-
bate. Homogeneously collected samples with consistent data sampling, multi-band
coverage (allowing for bolometric light curves to be analyzed) and uniform param-
eterizations are key.
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Fig. 9 V -band correlation
between peak magnitude (de-
noted Mmax) and decline rate
(denoted s2) for IIP/IIL events
from [57]. Together with the
finding that IIL SNe also show
a late-time light curve “drop”
indicating the switch form an
optically thick to an optically
thin phase, this correlation
suggests that IIL SNe could
simply be IIP events with an
added declining luminosity
component during the opti-
cally thick phase. The source
of this added luminosity, how-
ever, is not clear. Figure from
[57].
Early-time observations are crucial for checking if a division into classes can be
found in the rise-times of these events. Such studies have recently been undertaken
[69, 70, 71] but their results are still not conclusive.
5.2 1987A-Like SNe
As mentioned earlier, the progentior of SN 1987A was a BSG, a type of star with
a smaller radius than a RSG. Thus, when a BSG explodes, a large part of the en-
ergy carried by the shock goes into expanding the envelope of the star and less
goes to heating and ionizing it. Therefore a plateau is not seen in the light curve of
SN 1987A, but instead it is dominated by 56Ni decay power. A brief shock cooling
phase can be seen in the initial decline of the bluer bands (up to approximately day
20; Fig. 10).
Several other SN 1987A-like events have since been identified [73, 8, 74, 75, 40],
displaying some variability in their peak magnitudes and rise times (within the long
rise-time definition of this class).
5.3 IIb SNe
Type IIb progenitors, having lost some or most of their hydrogen envelope before
explosion, are also not capable of sustaining a light curve plateau. Instead they de-
cline faster than IIP and IIL events following the Ni-powered peak (Fig. 7; top). In
some events, a preceding light curve peak can be seen before the Ni-powered one,
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Fig. 10 Multi-band light curves of SN 1987A from [72]. All bands display a long (∼ 90-day) rise
to a peak. TheU- and B-bands display an earlier peak and decline before the rise to the main peak,
attributed to cooling of the expanding ejecta. The bolometric light curve of SN 1987A is presented
in Figure 11.
Fig. 11 Bolometric light
curves from [76] (sym-
bols) and [77] (solid line
for SN 1987A). Figure from
[76].
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considered to be a shock cooling component (it is much shorter than the optically
thick phase in IIP’s). SN 1993J displayed a week-long shock cooling component
(Fig. 12), while SN 2011dh displayed a similar light curve feature that lasted only 3
days [78].
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Fig. 12 Multi-band light curves of the Type IIb SN 1993J from [39]. A double peak is seen in
all filters (also the redder bands, unlike in SN 1987A), implying the existence of a pre-explosion
extended low-mass envelope, perhaps created through interaction of the progenitor with a binary
companion.
Unlike SN 1987A, this shock cooling decline for IIb’s is apparent also in the
redder bands. This is an important difference, since the explosion of a star with a
massive envelope is not expected to have a decline in the redder bands of its light
curve during the envelope cooling phase [79]. To explain the early R-band decline
seen in some IIb’s, a non-standard density structure for the progenitor envelope
needs to be evoked [80, 81, 79, 82]. Specifically the progenitor star would need a
low mass (. 1M, even as low as ∼ 0.01M) but extended (∼ 1013 cm) hydrogen
envelope. The radius and mass of the core and those of the envelope are imprinted
into the shock cooling part of the light curve (Fig. 13; [81, 79, 82]). Benvenuto,
Bersten and Nomoto (2013) [83] show that such a density structure can be created
through interaction with a binary companion.
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Fig. 13 A double peaked
light curve (top), as seen for
some Type IIb SNe, contains
information about the peculiar
density structure (involving a
low mass extended envelope)
of the progenitor (bottom).
Such a progenitor density
structure could be an indi-
cation of interaction with a
binary companion prior to
explosion. The time since ex-
plosion of the first light curve
peak, tp, its luminosity, L
(
t]
)
,
and the minimum luminosity
between the two peaks, Lmin,
can be analytically connected
to the mass in the extended
envelope, Mext , the radius of
the extended envelope, Rext ,
and the radius of the core,
Rcore, respectively. Figure
from [79].
5.4 IIn SNe
Type IIn SNe produce the most luminous light curves of all H-rich events. This is
explained by the added luminosity generated from CSM interaction. Type IIn’s also
display the widest range of luminosities (spanning approximately 6 magnitudes) and
light curve shapes (Fig. 14) of all H-rich SNe. This diversity is attributed to diversity
and possibly asymmetry in the density structure and mass of the pre-explosion CSM.
The luminosity and shape of the light curve thus contain information about the CSM
which can be traced to the mass-loss history of the progenitor before exploding. This
is true also for the radio light curves [84].
Many Type IIn progenitors brighten significantly before explosion, in so-called
SN precursor events (e.g. [85]). Such precursors are common for IIn SNe: over 50%
of them have at least one pre-explosion outburst brighter than 3 · 107L within 4
months prior to explosion [86]. These precursors are interpreted as violent ejections
of several solar masses of material possibly due to pre-explosion instabilities in the
interior of the star [87]. Type IIn light curves and their implications for the mass
loss from massive stars is discussed in more detail in “Interacting Supernovae”.
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Fig. 14 Type II SN light curves from [36] and references therein, in absolute magnitudes (left) and
normalized to peak magnitude (right). Type IIn SN light curve peaks span almost 6 magnitudes
(a factor of ∼ 250 in luminosity), and display a large range of rise and decline rates between the
rapidly declining Type IIb SN 1993J and the plateau SN 1999em (both shown for comparison in
the right plot). The large diversity in light curves is likely related to the large diversity in CSM
mass and density structure surrounding the progenitors of Type IIn SNe. Figures from [36].
6 Spectra
As mentioned above, SN ejecta are initially very hot, then cool as they expand. They
also become transparent, and the photosphere slowly recedes (in mass) through
the expanding ejecta. This causes the spectra to evolve with time from the early
(few days from explosion) stage of a featureless blackbody to the intermediate (few
weeks) so-called “photospheric” stage to the late (few months) “nebular” stage.
Sometimes, H-rich SN spectra will display narrow high-ionization features in the
first few hours from explosion.
6.1 Hours From Explosion: The Flash Ionization Phase
If caught at very early times, H-rich SN spectra can show narrow features of high
ionization species [88, 89, 90, 91]. These features promptly disappear within hours
to days. The interpretation is that these features are the response of extended pro-
genitor winds or other CSM to the ionizing shock-breakout flash. Depending on the
location of this CSM, it can be swept up by the SN ejecta within hours to days from
explosion. As such, these “flash spectra” features can briefly reveal the recent mass
loss history of the progenitor in the narrow time window between the collapse of the
core and the ejecta sweeping up the immediate stellar surroundings.
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Fig. 15 Early spectra of the Type IIb SN 2013cu from [89]. The first spectrum (top) is taken only
≈ 15.5 hours after explosion and shows “flash spectroscopy” signatures - narrow emission lines
from CSM immediately adjacent to the progenitor. These lines weaken substantially within a few
days as the ejecta clear out the region from which the lines originated. A few days post-explosion
the spectrum is a nearly featureless blue continuum, as seen for most all H-rich SNe at this stage.
6.2 Days From Explosion: The Shock Cooling Phase
For large progenitors, much of the SN shock energy goes to heating the ejecta, which
then take a few days to cool, whereas for compact progenitors much of the energy
goes to expansion and they cool more quickly. The rate at which the ejecta cool
during the first days following explosion can thus be used to infer the radius of the
progenitor (e.g. [92, 93]). It is therefore very beneficial to obtain spectra or at least
color information during the first days of a SN (e.g. Fig. 16).
Spectra of Type II SNe obtained during the start of the cooling phase tend to
be featureless high-temperature (few 104 K) blackbody curves such as the bottom
spectrum in Figure 15.
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Fig. 16 Cooling of Type II SN ejecta as measured from blackbody continuum effective temperature
fits (from [56] and references therein). SN 1987A cooled faster than normal IIP SNe because its
progenitor was more compact. Models from [93] models (separated to RSGs and BSGs) can be
used to constrain the radius of H-rich SN progenitors from such temperature measurements.
6.3 Weeks From Explosion: The Photospheric Phase
As the ejecta cool, most Type II SN spectra develop broad (few 103− 104 km s−1)
P-Cygni features [94]. The Fe-group lines could possibly be used to deduce the
metallicity of the progenitor star [95].
Type IIL SNe have relatively lower absorption to emission ratios in their Hα
profile compared to Type IIP’s (first noticed by Patat et al. (1994) [63] and most
recently quantified by Gutierrez et al. (2014) [96]; Fig. 18). These differences are
attributed to possible different envelope masses, density profiles or CSM properties
between IIP and IIL progenitors [97]. A lower envelope mass would produce less
absorption overall, a steeper density profile would produce less absorption at high
velocities (thus not producing a well-defined P-Cygni profile), and more massive
CSM could scatter additional light that would fill in the absorption feature.
Type IIn SNe display different profiles altogether. The Balmer series is seen in
narrow (few 102 km s−1) emission with an intermediate (∼ 103 km s−1) and/or broad
(few 103 km s−1) base (e.g. [36]; Fig. 17), giving the line a Lorenzian-like profile.
The broad base seen here (and occasionally also in the flash ionization spectra) may
be influenced by electron scattering wings and not actual kinetic motion of bulk
material (e.g. [98, 99]).
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Fig. 17 Spectra of the Type IIP SN 1999em (from [100]), the Type IIb SN 1993J (from [101])
and the Type IIn SN 2005cl (from [36]). Hydrogen lines (Hα 6563A˚, Hβ 4861A˚, Hγ 4341A˚
and Hδ 4102A˚; marked in red) define all Type II SNe, with broad P-Cygni profiles in IIP’s and
IIb’s but with narrow Lorenzian profiles in IIn’s. Helium (5876A˚, 6678A˚ and 7065A˚; marked in
green) broad P-Cygni features define the Type IIb class (the 5876A˚ absorption feature overlaps
with the Na I D 5889A˚ and 5895A˚ doublet; the He 6678A˚ absorption features overlaps with the
Hα emission feature). SN 1987A-likes display similar spectra as Type IIP’s. Type IIL SNe display
weaker absorption in the Hα P-Cygni profile (Fig. 18).
Hydrogen-rich Core Collapse Supernovae 23
Fig. 18 Hα profiles of the
Type IIP SN 2009bz (top)
and the Type IIL SN 2008aw
(bottom) from [96]. This
is an example of a broader
correlation between the ratio
of the absorption to emission
of the Hα feature and the
slope of the light curve. Type
IIP SNe show deeper P-Cygni
absorption compared to Type
IIL events. Figure adapted
from [96].
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6.3.1 Type IIP Velocity Evolution
Each mass element in the SN ejecta is considered to be moving at a constant veloc-
ity v0 that is proportional to its initial radius r0, so that the outer ejecta is moving
faster than the inner ejecta. Such expansion is known as homologous expansion.
This allows velocity to be used as a coordinate that is co-moving with the ejecta.
As the photosphere recedes inwards in the mass coordinate, it is also receding in
the velocity coordinate. Observationally, this is seen as the gradual narrowing of the
P-Cygni profiles with time. Note that this is not a deceleration of the ejecta, but the
change in velocity sampled by the receding photosphere as it moves from the high
velocity outer ejecta to the lower velocity inner ejecta.
Interestingly, the observed photospheric velocity evolution is quite uniform for
Type IIP SNe (the measured velocities evolve approximately as v∝t−0.5; e.g. [102]).
Potentially, this observed velocity evolution can be used to determine the phase of
a Type II SN from a single spectrum. However, the normalization factor for the
velocity evolution is different for different SNe (i.e. the velocity curves have the
same shape but are shifted for different events; Fig. 19).
Expansion velocities are often measured (in deredshifted spectra) as the differ-
ence between the P-Cygni absorption minimum compared to the rest-wavelength of
the measured line. Different elements display different velocities at a given time.
This is because there is an effective photosphere for each element that is at a dif-
ferent velocity coordinate. Generally, lighter elements are concentrated in the outer
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Fig. 19 Left: Velocities of the Sc II 6246A˚ line for a few Type IIP SNe from [103] and ref-
erences therein. The velocity can be seen to decrease with time as the photosphere recedes to
slower-moving ejecta. SNe with more luminous plateaus (like SN 1999em) display overall higher
velocities than SNe with less luminous plateaus (like SNe 2005cs and 2009md). The bottom-left
inset shows the typical measurement error for these data. Right: Normalized velocities of the Fe
II 5169A˚ line for various SNe from [102]. Once normalized, all velocities seem to lie on a single
power-law evolution curve (t−0.464 for this dataset). Left plot from [103]; Right plot from [102].
layers of the progenitor and thus have the highest velocities, whereas heavier ele-
ments, being more internal, have lower velocities.
We mentioned that the normalization factor for the velocity evolution is different
for different events. This factor, in fact, correlates with the absolute luminosity of the
SN during the plateau [104]. More luminous Type IIP SNe have larger normalization
factors (higher velocities) than less luminous ones (Fig. 20; most commonly the Fe
II 5169A˚ line is used for the velocities, and both the normalization factor and plateau
luminosity are defined at day 50 after explosion). This correlation lead Hamuy and
Pinto (2001) [104] to propose Type IIP SNe as cosmological standardizable candles.
The method was refined by Nugent et al. (2006) [102] and later by Poznanski et
al. (2009) [105] by simultaneously fitting for extinction using the observed colors
during the plateau.
Other methods for using Type IIP events as standard candles exist. The “Expand-
ing Photosphere Method” (EPM; [106, 107]) and the “synthetic spectral atmosphere
fitting” method (e.g. [108, 109]) have the advantage of being rooted in theoretical
modelling of the explosions (rather than an empirical relation as the one described
above). However, both of the theory-driven methods require high signal-to-noise
spectra and photometry, in order to allow accurate comparison to the models, as well
as early-time observations to precisely determine the explosion date. This makes the
methods challenging for implementation among high-redshift SNe.
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Fig. 20 Type IIP SN veloc-
ities of the Fe II 5169A˚ line
vs. bolometric luminosities,
both measured at day 50
(middle of the plateau) from
[104]. This correlation allows
Type IIP SNe to be used as
standard candles for distance
measurements.
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6.3.2 Type IIP High Velocity Hα or Si II Feature
Some Type IIP SNe display an absorption feature just bluewards of the Hα absorp-
tion (Fig. 21). Two common identification of this feature exist: that it is a disjoint
high velocity component of Hα , or that it is Si II absorption, more commonly seen
in Type Ia SNe (see “Type Ia Supernovae”).
The high velocity Hα option can be interpreted as a signature of interaction be-
tween the ejecta and the CSM [110]. Specifically, the “normal” velocity Hα origi-
nates from the receding photosphere, while the high velocity component is gener-
ated further out, in otherwise-transparent material. If the outer material is interacting
with the CSM, then shock waves might excite the hydrogen in the outer layers, caus-
ing a second, high-velocity absorption feature.
6.4 Months From Explosion: The Nebular Phase
Once the ejecta expand enough, they become completely transparent. At this phase
the spectra display no continuum flux and only emission lines (Fig. 22). Spectra
at these phases are useful for constraining the mass of the different line-emitting
elements by measuring the flux in each line. These measurements can then be used
to constrain the mass of the progenitor. Specifically, the [O I] 6300A˚ and 6364A˚,
Mg I] 4571A˚ and Na I D 5889A˚ and 5895A˚ line strengths correlate with progenitor
mass [114, 115].
Nebular spectra also reveal the heavy elements synthesized in the explosion (e.g.
[116]). Furthermore, asymmetries in certain line profiles can indicate asphericity of
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Fig. 21 The Hα region in
continuum-subtracted spectra
of the Type IIP SNe 1999em
[100] and 2013ej [56] (red).
The absorption feature at
∼ 6200A˚ could be related to
high velocity hydrogen, a sign
of possible CSM interaction
(as interpreted by Chugai,
Chevalier and Utrobin 2007
[110] for SN 1999em), or
to Si II (as interpreted by
Valenti et al. 2013 [56] for
SN 2013ej). This feature is
only seen in some Type IIP
SNe and only at some epochs
(see also [111, 112, 113]). Its
nature is not yet clear.
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the explosion (which is sometimes obscured by the sphericity of the envelope during
the photospheric phase).
Nebular spectra are thus valuable tools for constraining both SN progenitor prop-
erties and SN explosion models.
7 The Environments of H-rich SNe
Additional clues regarding the progenitor systems of the various SN types can be
found by studying SN environments.
One way of estimating the properties of a SN progenitor is to look at its neigh-
boring stars and derive the star formation history at the SN site. The time elapsed
since the peak of star formation can provide a rough estimate of the mass (longer
time delays imply lower progenitor masses). The problem with this method is that
it can be applied only to very nearby SN sites, where the stellar populations can be
resolved. Badenes et al. (2009) [118] apply this method to the immediate environ-
ments of SN remnants in the Magellanic Clouds. However it is hard to determine
the precise subtype of each explosion from the remnant alone.
The progenitor mass of SNe observed and typed directly, but at distances where
their neighboring stellar populations can not be resolved, can be estimated by mea-
suring the distance of the SN position to the nearest star-forming region (traced by
blue/UV light or by Hα emission), assuming that is the birth place of the progeni-
tor. Larger distances imply longer lifetimes from birth to explosion and thus lower
progenitor masses. While this method can not pinpoint the mass of any one progen-
itor with good accuracy, it can be used statistically to infer average differences in
progenitor masses between different SN types.
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Fig. 22 A nebular spectrum of the Type IIP SN 2004et, 401 days after explosion from [117].
Line strengths and profiles can be used to infer the progenitor mass and some otherwise-hidden
explosion properties such as its nucleosynthetic yield and asymmetry.
Similarly, metallicity measurements of the nearest star-forming region can statis-
tically connect progenitor composition to SN type. Direct metallicity measurements,
however, are expensive as they require high signal to noise spectra of generally
low surface brightness objects. Metallicity can be roughly estimated more easily by
looking at the position of the SN in the galaxy. Most galaxies have metallicity gra-
dients, with higher metallicities in the center of the galaxy and lower metallicities
towards the outskirts (see [119] for a review). An even more coarse metallicity es-
timate can be obtained by the total mass or luminosity of the galaxy. More massive
(and hence more luminous) galaxies are generally more metal rich [120]. Again, ap-
plied statistically to many SNe of different types, trends in SN position and global
galaxy luminosity with SN type can be used to infer the role of metallicity in form-
ing the different SN types.
Here I briefly summarize the progenitor constraints deduced from SN environ-
ment studies as they relate to H-rich SNe.
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7.1 Progenitor Mass
All core collapse SNe are associated with starforming regions, indicating massive
star progenitors. Badenes et al. (2009) [118] confirm this for core collapse SN rem-
nants in the LMC.
For more distant galaxies, Type II events are found to be further away from their
likely birth place compared to H-poor SNe [121, 122]. This indicates that H-rich
SN progenitors generally have lower masses compared to H-poor SN progenitors.
This result is consistent with direct detections of H-rich SN progenitors which are
found to be in the mass range 10− 17M (the lowest masses that produce core
collapse SNe). Curiously, recent observations [123, 124] identify SNe IIn as the least
associated with star forming regions of all H-rich events. This is in contradiction to
indications of IIn SNe having very massive (several tens of solar mass) progenitors
(e.g [19, 20, 85, 86]).
7.2 Progenitor Metallicity
Galaxy centers (where metallicity is high) are overabundant in H-poor SNe, while
galactic (low-metal) outskirts preferentially host H-rich SNe [125, 126, 127, 128].
This indicates that low metallicity could be important for H-rich SN progenitors to
retain their hydrogen envelope prior to explosion. Direct metallicity measurements
reach similar conclusions though with lower statistical significance [129].
Studies of global host-galaxy parameters (e.g. [130, 31]) confirm the above pic-
ture by showing that H-poor SNe are less prevalent in faint, metal-poor host galax-
ies. Similar studies [131, 132] further show that Type IIb’s prefer lower metallicity
hosts compared to the general Type II SN population. Interestingly, Type Ib SNe
(which are similar to Type IIb events post-peak) prefer high metallicity hosts (Fig.
23). This suggests that both Type IIb and Ib progenitors could be otherwise-similar
binary systems, with the differentiating factor being metallicity. In this scenario, the
binary companion would be responsible for partially stripping the SN Ib/IIb progen-
itor, with metallicity doing the rest - at high metallicity, more hydrogen is stripped
creating a Ib SN, whereas at low metallicity some hydrogen is retained in the enve-
lope and a IIb SN ensues.
Finally, 87A-like SNe (including SN 1987A itself) strongly prefer low (LMC-
like) metallicity environments (e.g. [133]). This is consistent with the theoretical
requirement for low metallicity to allow blue super-giants to explode [10].
The SN subtype relative rate dependence on galaxy luminosity has motivated
many SN surveys to switch from searching for SNe in cataloged luminous galaxies,
to performing wide-field untargeted searches that can find SNe also in uncatalogued
dwarf galaxies.
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Fig. 23 Fractions of Type
IIb SNe (top) and Type Ib
SNe (bottom) relative to
all core collapse SN types
in different host-galaxy R-
band magnitude bins. More
luminous (and hence more
metal-rich) galaxies host more
SNe Ib and less SNe IIb. This
indicates that metallicity may
be the distinguishing factor
between these two similar SN
types. Figure adapted from
[132].
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8 Open Questions
Despite substantial advancement in our understanding of H-rich SNe since they
were first identified, we still don’t have a complete picture of their diversity and
its mapping to progenitor channels.
Some of the remaining open questions are listed below. Answering them could
help us construct a more complete connection between the evolution of massive
stars and their deaths as H-rich SNe.
• What powers the light curves of Type IIL SNe, and are their progenitors distinct
from those of Type IIP SNe? Why do Type IIL SN spectra have less absorption
in Hα?
• Are all Type IIn SNe the explosions of very massive LBV stars? If so, why are
they the least associated with star forming regions?
• How and when is the CSM in Type IIn SN progenitors formed?
• Are all Type IIb SN progenitors binary systems? If not, how are their peculiar
pre-explosion density structures formed?
• Why are Type IIP plateaus so uniform in length yet diverse in luminosity?
• What is driving the luminiosity-velocity correlation in Type IIP SNe?
• What is the nature of the Si II / high-velocity Hα feature observed in some Type
IIP SNe?
• How is the material seen in flash spectroscopy spectra formed and when was it
ejected from the progenitor star?
New transient surveys and followup facilities now make it possible to collect
larger samples of well-observed SNe than ever before. New robotic observing tech-
niques are also allowing us to collect data on the first hours of a SN. Such datasets
could answer these and other questions in the coming years.
Acknowledgements I am grateful to N. Elias-Rosa, C. Glassman, D. Guevel, V. Hallefors, G.
Hosseinzadeh, D. A. Howell, J. Jauregui, M. Modjaz, E. Nakar, F. Taddia and S. Valenti for pro-
viding information, materials, comments, and suggestions for the manuscript.
30 Iair Arcavi
9 Cross-References
• Supernova Progenitors Observed with HST
• Interacting Supernovae
• H-Poor Core Collapse Supernovae
• Light Curves of Type II Supernovae
• Progenitor of SN,1987A
• Type Ia Supernovae
• Shock Breakout Theory
• Unusual Supernova and Alternative Power Sources
• Superluminous Supernovae
References
1. R. Minkowski, Publications of the Astronomical Society of the Pacific 53, 224 (1941).
DOI 10.1086/125315. URL http://adsabs.harvard.edu/abs/1941PASP...
53..224M
2. . Barbon, . Ciatti, . Rosino, Astronomy and Astrophysics 72, 287 (1979). URL http:
//adsabs.harvard.edu/abs/1979A{%}26A....72..287B
3. . Schlegel, Monthly Notices of the Royal Astronomical Society (ISSN 0035-8711) 244, 269
(1990). URL http://adsabs.harvard.edu/abs/1990MNRAS.244..269S
4. N.N. Chugai, Monthly Notices of the Royal Astronomical Society 250(3), 513
(1991). DOI 10.1093/mnras/250.3.513. URL http://adsabs.harvard.edu/abs/
1991MNRAS.250..513C
5. W.D. Arnett, J.N. Bahcall, R.P. Kirshner, S.E. Woosley, Annual Review of Astronomy and
Astrophysics 27(1), 629 (1989). DOI 10.1146/annurev.aa.27.090189.003213. URL http:
//adsabs.harvard.edu/abs/1989ARA{%}26A..27..629A
6. R. McCray, Annual Review of Astronomy and Astrophysics 31(1), 175 (1993). DOI
10.1146/annurev.aa.31.090193.001135. URL http://adsabs.harvard.edu/abs/
1993ARA{%}26A..31..175M
7. S.J. Smartt, Annual Review of Astronomy and Astrophysics 47(1), 63 (2009). DOI
10.1146/annurev-astro-082708-101737. URL http://adsabs.harvard.edu/abs/
2009ARA{%}26A..47...63S
8. I.K.W. Kleiser, D. Poznanski, D. Kasen, T.R. Young, R. Chornock, A.V. Filippenko, P. Chal-
lis, M. Ganeshalingam, R.P. Kirshner, W. Li, T. Matheson, P.E. Nugent, J.M. Silverman,
Monthly Notices of the Royal Astronomical Society 415(1), 372 (2011). DOI 10.1111/j.
1365-2966.2011.18708.x. URL http://adsabs.harvard.edu/abs/2011MNRAS.
415..372K
9. D.C. Leonard, Astrophysics and Space Science 336(1), 117 (2010). DOI
10.1007/s10509-010-0530-8. URL http://adsabs.harvard.edu/abs/
2011Ap{%}26SS.336..117L
10. P. Podsiadlowski, Publications of the Astronomical Society of the Pacific 104, 717 (1992).
DOI 10.1086/133043. URL http://adsabs.harvard.edu/abs/1992PASP.
.104..717P
11. . Hillebrandt, . Meyer, Astronomy and Astrophysics (ISSN 0004-6361) 219 (1989). URL
http://adsabs.harvard.edu/abs/1989A{%}26A...219L...3H
12. . Podsiadlowski, . Joss, . Rappaport, Astronomy and Astrophysics (ISSN 0004-6361) 227
(1990). URL http://adsabs.harvard.edu/abs/1990A{%}26A...227L...
9P
Hydrogen-rich Core Collapse Supernovae 31
13. P. Podsiadlowski, J.J.L. Hsu, P.C. Joss, R.R. Ross, Nature 364(6437), 509 (1993). DOI
10.1038/364509a0. URL http://adsabs.harvard.edu/abs/1993Natur.364.
.509P
14. R.M. Crockett, J.J. Eldridge, S.J. Smartt, A. Pastorello, A. Gal-Yam, D.B. Fox, D.C. Leonard,
M.M. Kasliwal, S. Mattila, J.R. Maund, A.W. Stephens, I.J. Danziger, Monthly Notices of the
Royal Astronomical Society: Letters 391(1) (2008). DOI 10.1111/j.1745-3933.2008.00540.
x. URL http://adsabs.harvard.edu/abs/2008MNRAS.391L...5C
15. G. Folatelli, M.C. Bersten, H. Kuncarayakti, O.G. Benvenuto, K. Maeda, K. Nomoto, The
Astrophysical Journal 811(2), 147 (2015). DOI 10.1088/0004-637X/811/2/147. URL
http://adsabs.harvard.edu/abs/2015ApJ...811..147F
16. G. Folatelli, M.C. Bersten, O.G. Benvenuto, S.D. Van Dyk, H. Kuncarayakti, K. Maeda,
T. Nozawa, K. Nomoto, M. Hamuy, R.M. Quimby, The Astrophysical Journal 793(2), L22
(2014). DOI 10.1088/2041-8205/793/2/L22. URL http://adsabs.harvard.edu/
abs/2014ApJ...793L..22F
17. J.R. Maund, M. Fraser, E. Reilly, M. Ergon, S. Mattila, Monthly Notices of the Royal
Astronomical Society 447(4), 3207 (2015). DOI 10.1093/mnras/stu2658. URL http:
//adsabs.harvard.edu/abs/2015MNRAS.447.3207M
18. R.A. Chevalier, A.M. Soderberg, The Astrophysical Journal 711(1), L40 (2010). DOI 10.
1088/2041-8205/711/1/L40. URL http://adsabs.harvard.edu/abs/2010ApJ.
..711L..40C
19. A. GalYam, D.C. Leonard, D.B. Fox, S.B. Cenko, A.M. Soderberg, D. Moon, D.J. Sand,
W. Li, A.V. Filippenko, G. Aldering, Y. Copin, The Astrophysical Journal 656(1), 372 (2007).
DOI 10.1086/510523. URL http://adsabs.harvard.edu/abs/2007ApJ...
656..372G
20. A. Gal-Yam, D.C. Leonard, Nature 458(7240), 865 (2009). DOI 10.1038/nature07934. URL
http://adsabs.harvard.edu/abs/2009Natur.458..865G
21. N. Smith, R. Tombleson, Monthly Notices of the Royal Astronomical Society 447(1), 598
(2014). DOI 10.1093/mnras/stu2430. URL http://adsabs.harvard.edu/abs/
2015MNRAS.447..598S
22. . Humphreys, . Weis, . Davidson, . Gordon, eprint arXiv:1603.01278 (2016). URL http:
//adsabs.harvard.edu/abs/2016arXiv160301278H
23. N. Elias-Rosa, S.D. Van Dyk, W. Li, A.A. Miller, J.M. Silverman, M. Ganeshalingam,
A.F. Boden, M.M. Kasliwal, J. Vinko´, J.C. Cuillandre, A.V. Filippenko, T.N. Steele, J.S.
Bloom, C.V. Griffith, I.K.W. Kleiser, R.J. Foley, The Astrophysical Journal 714(2), L254
(2010). DOI 10.1088/2041-8205/714/2/L254. URL http://adsabs.harvard.edu/
abs/2010ApJ...714L.254E
24. M. Fraser, K. Taka´ts, A. Pastorello, S.J. Smartt, S. Mattila, M.T. Botticella, S. Valenti, M. Er-
gon, J. Sollerman, I. Arcavi, S. Benetti, F. Bufano, R.M. Crockett, I.J. Danziger, A. Gal-
Yam, J.R. Maund, S. Taubenberger, M. Turatto, The Astrophysical Journal 714(2), L280
(2010). DOI 10.1088/2041-8205/714/2/L280. URL http://adsabs.harvard.edu/
abs/2010ApJ...714L.280F
25. L.A. Thompson, The Astrophysical Journal 257, L63 (1982). DOI 10.1086/183809. URL
http://adsabs.harvard.edu/abs/1982ApJ...257L..63T
26. N. Elias-Rosa, S.D. Van Dyk, W. Li, J.M. Silverman, R.J. Foley, M. Ganeshalingam, J.C.
Mauerhan, E. Kankare, S. Jha, A.V. Filippenko, J.E. Beckman, E. Berger, J.C. Cuillandre,
N. Smith, The Astrophysical Journal 742(1), 6 (2011). DOI 10.1088/0004-637X/742/1/6.
URL http://adsabs.harvard.edu/abs/2011ApJ...742....6E
27. W. Li, J. Leaman, R. Chornock, A.V. Filippenko, D. Poznanski, M. Ganeshalingam, X. Wang,
M. Modjaz, S. Jha, R.J. Foley, N. Smith, Monthly Notices of the Royal Astronomical Society
412(3), 1441 (2011). DOI 10.1111/j.1365-2966.2011.18160.x. URL http://adsabs.
harvard.edu/abs/2011MNRAS.412.1441L
28. . Cappellaro, . Evans, . Turatto, Astronomy and Astrophysics (1999). URL http://
adsabs.harvard.edu/abs/1999A{%}26A...351..459C
32 Iair Arcavi
29. S. van den Bergh, W. Li, A. Filippenko, Publications of the Astronomical Society of the
Pacific 117(834), 773 (2005). DOI 10.1086/431435. URL http://adsabs.harvard.
edu/abs/2005PASP..117..773V
30. W. Li, X. Wang, S.D. Van Dyk, J. Cuillandre, R.J. Foley, A.V. Filippenko, The Astrophysical
Journal 661(2), 1013 (2007). DOI 10.1086/516747. URL http://adsabs.harvard.
edu/abs/2007ApJ...661.1013L
31. J.L. Prieto, K.Z. Stanek, J.F. Beacom, The Astrophysical Journal 673(2), 999 (2008). DOI
10.1086/524654. URL http://adsabs.harvard.edu/abs/2008ApJ...673.
.999P
32. W.P.S. Meikle, S. Mattila, A. Pastorello, C.L. Gerardy, R. Kotak, J. Sollerman, S.D. Van
Dyk, D. Farrah, A.V. Filippenko, P. Hoflich, P. Lundqvist, M. Pozzo, J.C. Wheeler, The
Astrophysical Journal 665(1), 608 (2007). DOI 10.1086/519733. URL http://adsabs.
harvard.edu/abs/2007ApJ...665..608M
33. R. Kotak, W.P.S. Meikle, D. Farrah, C.L. Gerardy, R.J. Foley, S.D. Van Dyk, C. Fransson,
P. Lundqvist, J. Sollerman, R. Fesen, A.V. Filippenko, S. Mattila, J.M. Silverman, A.C.
Andersen, P.A. Ho¨flich, M. Pozzo, J.C. Wheeler, The Astrophysical Journal 704(1), 306
(2009). DOI 10.1088/0004-637X/704/1/306. URL http://adsabs.harvard.edu/
abs/2009ApJ...704..306K
34. W.P.S. Meikle, R. Kotak, D. Farrah, S. Mattila, S.D. Van Dyk, A.C. Andersen, R. Fesen, A.V.
Filippenko, R.J. Foley, C. Fransson, C.L. Gerardy, P.A. Ho¨flich, P. Lundqvist, M. Pozzo,
J. Sollerman, J.C. Wheeler, The Astrophysical Journal 732(2), 109 (2011). DOI 10.1088/
0004-637X/732/2/109. URL http://adsabs.harvard.edu/abs/2011ApJ...
732..109M
35. T. Faran, D. Poznanski, A.V. Filippenko, R. Chornock, R.J. Foley, M. Ganeshalingam, D.C.
Leonard, W. Li, M. Modjaz, E. Nakar, F.J.D. Serduke, J.M. Silverman, Monthly Notices
of the Royal Astronomical Society 442(1), 844 (2014). DOI 10.1093/mnras/stu955. URL
http://adsabs.harvard.edu/abs/2014MNRAS.442..844F
36. M. Kiewe, A. Gal-Yam, I. Arcavi, D.C. Leonard, J. Emilio Enriquez, S. Bradley Cenko,
D.B. Fox, D.S. Moon, D.J. Sand, A.M. Soderberg, The Astrophysical Journal 744(1), 10
(2012). DOI 10.1088/0004-637X/744/1/10. URL http://adsabs.harvard.edu/
abs/2012ApJ...744...10K
37. J.M. Silverman, P.E. Nugent, A. Gal-Yam, M. Sullivan, D.A. Howell, A.V. Filippenko, I. Ar-
cavi, S. Ben-Ami, J.S. Bloom, S.B. Cenko, Y. Cao, R. Chornock, K.I. Clubb, A.L. Coil,
R.J. Foley, M.L. Graham, C.V. Griffith, A. Horesh, M.M. Kasliwal, S.R. Kulkarni, D.C.
Leonard, W. Li, T. Matheson, A.A. Miller, M. Modjaz, E.O. Ofek, Y.C. Pan, D.A. Perley,
D. Poznanski, R.M. Quimby, T.N. Steele, A. Sternberg, D. Xu, O. Yaron, The Astrophys-
ical Journal Supplement Series 207(1), 3 (2013). DOI 10.1088/0067-0049/207/1/3. URL
http://adsabs.harvard.edu/abs/2013ApJS..207....3S
38. N.L. Strotjohann, E.O. Ofek, A. Gal-Yam, M. Sullivan, S.R. Kulkarni, N.J. Shaviv, C. Frem-
ling, M.M. Kasliwal, P.E. Nugent, Y. Cao, I. Arcavi, J. Sollerman, A.V. Filippenko, O. Yaron,
R. Laher, J. Surace, The Astrophysical Journal 811(2), 117 (2015). DOI 10.1088/0004-637X/
811/2/117. URL http://adsabs.harvard.edu/abs/2015ApJ...811..117S
39. M.W. Richmond, R.R. Treffers, A.V. Filippenko, Y. Paik, B. Leibundgut, E. Schulman, C.V.
Cox, The Astronomical Journal 107, 1022 (1994). DOI 10.1086/116915. URL http:
//adsabs.harvard.edu/abs/1994AJ....107.1022R
40. F. Taddia, J. Sollerman, C. Fremling, K. Migotto, A. Gal-Yam, S. Armen, G. Duggan,
M. Ergon, A.V. Filippenko, C. Fransson, G. Hosseinzadeh, M.M. Kasliwal, R.R. Laher,
G. Leloudas, D.C. Leonard, R. Lunnan, F.J. Masci, D.S. Moon, J.M. Silverman, P.R. Woz-
niak, Astronomy & Astrophysics 588, A5 (2016). DOI 10.1051/0004-6361/201527811.
URL http://adsabs.harvard.edu/abs/2016A{%}26A...588A...5T
41. S.W. Falk, W.D. Arnett, The Astrophysical Journal Supplement Series 33, 515 (1977).
DOI 10.1086/190440. URL http://adsabs.harvard.edu/abs/1977ApJS...
33..515F
42. R.I. Klein, R.A. Chevalier, The Astrophysical Journal 223, L109 (1978). DOI 10.1086/
182740. URL http://adsabs.harvard.edu/abs/1978ApJ...223L.109K
Hydrogen-rich Core Collapse Supernovae 33
43. E. Waxman, P. Meszaros, S. Campana, The Astrophysical Journal 667(1), 351 (2007). DOI
10.1086/520715. URL http://adsabs.harvard.edu/abs/2007ApJ...667.
.351W
44. S. Gezari, L. Dessart, S. Basa, D.C. Martin, J.D. Neill, S.E. Woosley, D.J. Hillier, G. Bazin,
K. Forster, P.G. Friedman, J. Le Du, A. Mazure, P. Morrissey, S.G. Neff, D. Schiminovich,
T.K. Wyder, The Astrophysical Journal 683(2), L131 (2008). DOI 10.1086/591647. URL
http://adsabs.harvard.edu/abs/2008ApJ...683L.131G
45. A.M. Soderberg, E. Berger, K.L. Page, P. Schady, J. Parrent, D. Pooley, X.Y. Wang, E.O.
Ofek, A. Cucchiara, A. Rau, E. Waxman, J.D. Simon, D.C.J. Bock, P.A. Milne, M.J.
Page, J.C. Barentine, S.D. Barthelmy, A.P. Beardmore, M.F. Bietenholz, P. Brown, A. Bur-
rows, D.N. Burrows, G. Bryngelson, G. Byrngelson, S.B. Cenko, P. Chandra, J.R. Cum-
mings, D.B. Fox, A. Gal-Yam, N. Gehrels, S. Immler, M. Kasliwal, A.K.H. Kong, H.A.
Krimm, S.R. Kulkarni, T.J. Maccarone, P. Me´sza´ros, E. Nakar, P.T. O’Brien, R.A. Overzier,
M. de Pasquale, J. Racusin, N. Rea, D.G. York, Nature 453(7194), 469 (2008). DOI 10.
1038/nature06997. URL http://adsabs.harvard.edu/abs/2008Natur.453.
.469S
46. P.M. Garnavich, B.E. Tucker, A. Rest, E.J. Shaya, R.P. Olling, D. Kasen, A. Villar, The
Astrophysical Journal 820(1), 23 (2016). DOI 10.3847/0004-637X/820/1/23. URL http:
//adsabs.harvard.edu/abs/2016ApJ...820...23G
47. W.D. Arnett, The Astrophysical Journal 237, 541 (1980). DOI 10.1086/157898. URL http:
//adsabs.harvard.edu/abs/1980ApJ...237..541A
48. W.D. Arnett, The Astrophysical Journal 263, L55 (1982). DOI 10.1086/183923. URL
http://adsabs.harvard.edu/abs/1982ApJ...263L..55A
49. D. Kasen, S.E. Woosley, The Astrophysical Journal 703(2), 2205 (2009). DOI 10.1088/
0004-637X/703/2/2205. URL http://adsabs.harvard.edu/abs/2009ApJ...
703.2205K
50. R.A. Chevalier, Annual Review of Astronomy and Astrophysics 15(1), 175 (1977). DOI
10.1146/annurev.aa.15.090177.001135. URL http://adsabs.harvard.edu/abs/
1977ARA{%}26A..15..175C
51. S.E. Woosley, The Astrophysical Journal 719(2), L204 (2010). DOI 10.1088/2041-8205/719/
2/L204. URL http://adsabs.harvard.edu/abs/2010ApJ...719L.204W
52. S.E. Woosley, T.A. Weaver, The Astrophysical Journal Supplement Series 101, 181 (1995).
DOI 10.1086/192237. URL http://adsabs.harvard.edu/abs/1995ApJS.
.101..181W
53. L. Zampieri, M. Colpi, S.L. Shapiro, I. Wasserman, The Astrophysical Journal 505(2),
876 (1998). DOI 10.1086/306192. URL http://adsabs.harvard.edu/abs/
1998ApJ...505..876Z
54. J. Dexter, D. Kasen, The Astrophysical Journal 772(1), 30 (2013). DOI 10.1088/0004-637X/
772/1/30. URL http://adsabs.harvard.edu/abs/2013ApJ...772...30D
55. R.A. Chevalier, The Astrophysical Journal 207, 872 (1976). DOI 10.1086/154557. URL
http://adsabs.harvard.edu/abs/1976ApJ...207..872C
56. S. Valenti, D. Sand, A. Pastorello, M.L. Graham, D.A. Howell, J.T. Parrent, L. Tomasella,
P. Ochner, M. Fraser, S. Benetti, F. Yuan, S.J. Smartt, J.R. Maund, I. Arcavi, A. Gal-Yam,
C. Inserra, D. Young, Monthly Notices of the Royal Astronomical Society: Letters 438(1),
L101 (2013). DOI 10.1093/mnrasl/slt171. URL http://adsabs.harvard.edu/
abs/2014MNRAS.438L.101V
57. J.P. Anderson, S. Gonza´lez-Gaita´n, M. Hamuy, C.P. Gutie´rrez, M.D. Stritzinger, F. Olivares
E., M.M. Phillips, S. Schulze, R. Antezana, L. Bolt, A. Campillay, S. Castello´n, C. Contreras,
T. de Jaeger, G. Folatelli, F. Fo¨rster, W.L. Freedman, L. Gonza´lez, E. Hsiao, W. Krzemin´ski,
K. Krisciunas, J. Maza, P. McCarthy, N.I. Morrell, S.E. Persson, M. Roth, F. Salgado,
N.B. Suntzeff, J. Thomas-Osip, The Astrophysical Journal 786(1), 67 (2014). DOI 10.
1088/0004-637X/786/1/67. URL http://adsabs.harvard.edu/abs/2014ApJ.
..786...67A
58. M. Hamuy, The Astrophysical Journal 582(2), 905 (2003). DOI 10.1086/344689. URL
http://adsabs.harvard.edu/abs/2003ApJ...582..905H
34 Iair Arcavi
59. S. Spiro, A. Pastorello, M.L. Pumo, L. Zampieri, M. Turatto, S.J. Smartt, S. Benetti,
E. Cappellaro, S. Valenti, I. Agnoletto, G. Altavilla, T. Aoki, E. Brocato, E.M. Corsini,
A. Di Cianno, N. Elias-Rosa, M. Hamuy, K. Enya, M. Fiaschi, G. Folatelli, S. Desidera,
A. Harutyunyan, D.A. Howell, A. Kawka, Y. Kobayashi, B. Leibundgut, T. Minezaki,
H. Navasardyan, K. Nomoto, S. Mattila, A. Pietrinferni, G. Pignata, G. Raimondo, M. Salvo,
B.P. Schmidt, J. Sollerman, J. Spyromilio, S. Taubenberger, G. Valentini, S. Vennes,
Y. Yoshii, Monthly Notices of the Royal Astronomical Society 439(3), 2873 (2014). DOI
10.1093/mnras/stu156. URL http://adsabs.harvard.edu/abs/2014MNRAS.
439.2873S
60. E. Nakar, D. Poznanski, B. Katz, The Astrophysical Journal, Volume 823, Issue
2, article id. 127, pp. (2016). 823 (2016). DOI 10.3847/0004-637X/823/2/127.
URL http://arxiv.org/abs/1506.07185http://dx.doi.org/10.3847/
0004-637X/823/2/127
61. S. Bose, S. Valenti, K. Misra, M.L. Pumo, L. Zampieri, D. Sand, B. Kumar, A. Pastorello,
F. Sutaria, T.J. Maccarone, M.L. Graham, D.A. Howell, P. Ochner, H.C. Chandola, S.B.
Pandey, Monthly Notices of the Royal Astronomical Society 450(3), 2373 (2015). DOI 10.
1093/mnras/stv759. URL http://adsabs.harvard.edu/abs/2015MNRAS.450.
2373B
62. . Patat, . Barbon, . Cappellaro, . Turatto, Astronomy and Astrophysics Supplement Se-
ries (ISSN 0365-0138) 98, 443 (1993). URL http://adsabs.harvard.edu/abs/
1993A{%}26AS...98..443P
63. . Patat, . Barbon, . Cappellaro, . Turatto, Astronomy and Astrophysics (ISSN 0004-6361) 282,
731 (1994). URL http://adsabs.harvard.edu/abs/1994A{%}26A...282.
.731P
64. I. Arcavi, A. Gal-Yam, S.B. Cenko, D.B. Fox, D.C. Leonard, D.S. Moon, D.J. Sand, A.M.
Soderberg, M. Kiewe, O. Yaron, A.B. Becker, R. Scheps, G. Birenbaum, D. Chamudot,
J. Zhou, The Astrophysical Journal Letters, Volume 756, Issue 2, article id. L30, 6 pp.
(2012). 756 (2012). DOI 10.1088/2041-8205/756/2/L30. URL http://arxiv.org/
abs/1206.2029http://dx.doi.org/10.1088/2041-8205/756/2/L30
65. T. Faran, D. Poznanski, A.V. Filippenko, R. Chornock, R.J. Foley, M. Ganeshalingam, D.C.
Leonard, W. Li, M. Modjaz, F.J.D. Serduke, J.M. Silverman, Monthly Notices of the Royal
Astronomical Society 445(1), 554 (2014). DOI 10.1093/mnras/stu1760. URL http://
adsabs.harvard.edu/abs/2014MNRAS.445..554F
66. D.V. Popov, The Astrophysical Journal 414, 712 (1993). DOI 10.1086/173117. URL http:
//adsabs.harvard.edu/abs/1993ApJ...414..712P
67. N.E. Sanders, A.M. Soderberg, S. Gezari, M. Betancourt, R. Chornock, E. Berger, R.J. Foley,
P. Challis, M. Drout, R.P. Kirshner, R. Lunnan, G.H. Marion, R. Margutti, R. McKinnon,
D. Milisavljevic, G. Narayan, A. Rest, E. Kankare, S. Mattila, S.J. Smartt, M.E. Huber, W.S.
Burgett, P. Draper, K.W. Hodapp, N. Kaiser, R.P. Kudritzki, E.A. Magnier, N. Metcalfe, J.S.
Morgan, P.A. Price, J.L. Tonry, R.J. Wainscoat, C. Waters, The Astrophysical Journal 799(2),
208 (2015). DOI 10.1088/0004-637X/799/2/208. URL http://adsabs.harvard.
edu/abs/2015ApJ...799..208S
68. S. Valenti, D. Sand, M. Stritzinger, D.A. Howell, I. Arcavi, C. McCully, M.J. Childress,
E.Y. Hsiao, C. Contreras, N. Morrell, M.M. Phillips, M. Gromadzki, R.P. Kirshner, G.H.
Marion, Monthly Notices of the Royal Astronomical Society 448(3), 2608 (2015). DOI 10.
1093/mnras/stv208. URL http://adsabs.harvard.edu/abs/2015MNRAS.448.
2608V
69. E.E.E. Gall, J. Polshaw, R. Kotak, A. Jerkstrand, B. Leibundgut, D. Rabinowitz, J. Soller-
man, M. Sullivan, S.J. Smartt, J.P. Anderson, S. Benetti, C. Baltay, U. Feindt, M. Fraser,
S. Gonza´lez-Gaita´n, C. Inserra, K. Maguire, R. McKinnon, S. Valenti, D. Young, As-
tronomy & Astrophysics 582, A3 (2015). DOI 10.1051/0004-6361/201525868. URL
http://adsabs.harvard.edu/abs/2015A{%}26A...582A...3G
70. S. Gonzalez-Gaitan, N. Tominaga, J. Molina, L. Galbany, F. Bufano, J.P. Anderson,
C. Gutierrez, F. Forster, G. Pignata, M. Bersten, D.A. Howell, M. Sullivan, R. Carlberg,
Hydrogen-rich Core Collapse Supernovae 35
T. de Jaeger, M. Hamuy, P.V. Baklanov, S.I. Blinnikov, Monthly Notices of the Royal
Astronomical Society 451(2), 2212 (2015). DOI 10.1093/mnras/stv1097. URL http:
//adsabs.harvard.edu/abs/2015MNRAS.451.2212G
71. A. Rubin, A. Gal-Yam, A. De Cia, A. Horesh, D. Khazov, E.O. Ofek, S.R. Kulkarni, I. Ar-
cavi, I. Manulis, O. Yaron, P. Vreeswijk, M.M. Kasliwal, S. Ben-Ami, D.A. Perley, Y. Cao,
S.B. Cenko, U.D. Rebbapragada, P.R. Woz´niak, A.V. Filippenko, K.I. Clubb, P.E. Nugent,
Y.C. Pan, C. Badenes, D.A. Howell, S. Valenti, D. Sand, J. Sollerman, J. Johansson, D.C.
Leonard, J.C. Horst, S.F. Armen, J.M. Fedrow, R.M. Quimby, P. Mazzali, E. Pian, A. Stern-
berg, T. Matheson, M. Sullivan, K. Maguire, S. Lazarevic, The Astrophysical Journal 820(1),
33 (2016). DOI 10.3847/0004-637X/820/1/33. URL http://adsabs.harvard.edu/
abs/2016ApJ...820...33R
72. M. Hamuy, N.B. Suntzeff, The Astronomical Journal 99, 1146 (1990). DOI 10.1086/115403.
URL http://adsabs.harvard.edu/abs/1990AJ.....99.1146H
73. A. Pastorello, E. Baron, D. Branch, L. Zampieri, M. Turatto, M. Ramina, S. Benetti,
E. Cappellaro, M. Salvo, F. Patat, A. Piemonte, J. Sollerman, B. Leibundgut, G. Altavilla,
Monthly Notices of the Royal Astronomical Society 360(3), 950 (2005). DOI 10.1111/j.
1365-2966.2005.09079.x. URL http://adsabs.harvard.edu/abs/2005MNRAS.
360..950P
74. A. Pastorello, M.L. Pumo, H. Navasardyan, L. Zampieri, M. Turatto, J. Sollerman, F. Taddia,
E. Kankare, S. Mattila, J. Nicolas, E. Prosperi, A. San Segundo Delgado, S. Taubenberger,
T. Boles, M. Bachini, S. Benetti, F. Bufano, E. Cappellaro, A.D. Cason, G. Cetrulo, M. Er-
gon, L. Germany, A. Harutyunyan, S. Howerton, G.M. Hurst, F. Patat, M. Stritzinger, L.G.
Strolger, W. Wells, Astronomy & Astrophysics 537, A141 (2012). DOI 10.1051/0004-6361/
201118112. URL http://adsabs.harvard.edu/abs/2012A{%}26A...537A.
141P
75. F. Taddia, M.D. Stritzinger, J. Sollerman, M.M. Phillips, J.P. Anderson, M. Ergon, G. Fo-
latelli, C. Fransson, W. Freedman, M. Hamuy, N. Morrell, A. Pastorello, S.E. Persson,
S. Gonzalez, Astronomy & Astrophysics 537, A140 (2012). DOI 10.1051/0004-6361/
201118091. URL http://adsabs.harvard.edu/abs/2012A{%}26A...537A.
140T
76. M.C. Bersten, M. Hamuy, The Astrophysical Journal 701(1), 200 (2009). DOI 10.1088/
0004-637X/701/1/200. URL http://adsabs.harvard.edu/abs/2009ApJ...
701..200B
77. N.B. Suntzeff, P. Bouchet, The Astronomical Journal 99, 650 (1990). DOI 10.1086/115358.
URL http://adsabs.harvard.edu/abs/1990AJ.....99..650S
78. I. Arcavi, A. Gal-Yam, O. Yaron, A. Sternberg, I. Rabinak, E. Waxman, M.M. Kasliwal,
R.M. Quimby, E.O. Ofek, A. Horesh, S.R. Kulkarni, A.V. Filippenko, J.M. Silverman,
S.B. Cenko, W. Li, J.S. Bloom, M. Sullivan, P.E. Nugent, D. Poznanski, E. Gorbikov,
B.J. Fulton, D.A. Howell, D. Bersier, A. Riou, S. Lamotte-Bailey, T. Griga, J.G. Cohen,
S. Hachinger, D. Polishook, D. Xu, S. Ben-Ami, I. Manulis, E.S. Walker, K. Maguire,
Y.C. Pan, T. Matheson, P.A. Mazzali, E. Pian, D.B. Fox, N. Gehrels, N. Law, P. James,
J.M. Marchant, R.J. Smith, C.J. Mottram, R.M. Barnsley, M.T. Kandrashoff, K.I. Clubb,
The Astrophysical Journal 742(2), L18 (2011). DOI 10.1088/2041-8205/742/2/L18. URL
http://adsabs.harvard.edu/abs/2011ApJ...742L..18A
79. E. Nakar, A.L. Piro, The Astrophysical Journal 788(2), 193 (2014). DOI 10.1088/
0004-637X/788/2/193. URL http://adsabs.harvard.edu/abs/2014ApJ...
788..193N
80. S.E. Woosley, R.G. Eastman, T.A. Weaver, P.A. Pinto, The Astrophysical Journal 429,
300 (1994). DOI 10.1086/174319. URL http://adsabs.harvard.edu/abs/
1994ApJ...429..300W
81. M.C. Bersten, O.G. Benvenuto, K. Nomoto, M. Ergon, G. Folatelli, J. Sollerman, S. Benetti,
M.T. Botticella, M. Fraser, R. Kotak, K. Maeda, P. Ochner, L. Tomasella, The Astrophysical
Journal 757(1), 31 (2012). DOI 10.1088/0004-637X/757/1/31. URL http://adsabs.
harvard.edu/abs/2012ApJ...757...31B
36 Iair Arcavi
82. A.L. Piro, The Astrophysical Journal 808(2), L51 (2015). DOI 10.1088/2041-8205/808/2/
L51. URL http://adsabs.harvard.edu/abs/2015ApJ...808L..51P
83. O.G. Benvenuto, M.C. Bersten, K. Nomoto, The Astrophysical Journal 762(2), 74 (2013).
DOI 10.1088/0004-637X/762/2/74. URL http://adsabs.harvard.edu/abs/
2013ApJ...762...74B
84. R. Kotak, J.S. Vink, Astronomy and Astrophysics 460(2), L5 (2006). DOI 10.1051/
0004-6361:20065800. URL http://adsabs.harvard.edu/abs/2006A{%}26A.
..460L...5K
85. E.O. Ofek, M. Sullivan, S.B. Cenko, M.M. Kasliwal, A. Gal-Yam, S.R. Kulkarni, I. Arcavi,
L. Bildsten, J.S. Bloom, A. Horesh, D.A. Howell, A.V. Filippenko, R. Laher, D. Murray,
E. Nakar, P.E. Nugent, J.M. Silverman, N.J. Shaviv, J. Surace, O. Yaron, Nature 494(7435),
65 (2013). DOI 10.1038/nature11877. URL http://adsabs.harvard.edu/abs/
2013Natur.494...65O
86. E.O. Ofek, A. Zoglauer, S.E. Boggs, N.M. Barrie´re, S.P. Reynolds, C.L. Fryer, F.A. Harrison,
S.B. Cenko, S.R. Kulkarni, A. Gal-Yam, I. Arcavi, E. Bellm, J.S. Bloom, F. Christensen,
W.W. Craig, W. Even, A.V. Filippenko, B. Grefenstette, C.J. Hailey, R. Laher, K. Madsen,
E. Nakar, P.E. Nugent, D. Stern, M. Sullivan, J. Surace, W.W. Zhang, The Astrophysical
Journal 781(1), 42 (2014). DOI 10.1088/0004-637X/781/1/42. URL http://adsabs.
harvard.edu/abs/2014ApJ...781...42O
87. E. Quataert, J. Shiode, Monthly Notices of the Royal Astronomical Society: Letters
423(1), L92 (2012). DOI 10.1111/j.1745-3933.2012.01264.x. URL http://adsabs.
harvard.edu/abs/2012MNRAS.423L..92Q
88. V.S. Niemela, M.T. Ruiz, M.M. Phillips, The Astrophysical Journal 289, 52 (1985). DOI
10.1086/162863. URL http://adsabs.harvard.edu/abs/1985ApJ...289...
52N
89. A. Gal-Yam, I. Arcavi, E.O. Ofek, S. Ben-Ami, S.B. Cenko, M.M. Kasliwal, Y. Cao,
O. Yaron, D. Tal, J.M. Silverman, A. Horesh, A. De Cia, F. Taddia, J. Sollerman, D. Per-
ley, P.M. Vreeswijk, S.R. Kulkarni, P.E. Nugent, A.V. Filippenko, J.C. Wheeler, Nature
509(7501), 471 (2014). DOI 10.1038/nature13304. URL http://adsabs.harvard.
edu/abs/2014Natur.509..471G
90. I. Shivvers, J.H. Groh, J.C. Mauerhan, O.D. Fox, D.C. Leonard, A.V. Filippenko, The
Astrophysical Journal 806(2), 213 (2015). DOI 10.1088/0004-637X/806/2/213. URL
http://adsabs.harvard.edu/abs/2015ApJ...806..213S
91. D. Khazov, O. Yaron, A. Gal-Yam, I. Manulis, A. Rubin, S.R. Kulkarni, I. Arcavi, M.M.
Kasliwal, E.O. Ofek, Y. Cao, D. Perley, J. Sollerman, A. Horesh, M. Sullivan, A.V. Fil-
ippenko, P.E. Nugent, D.A. Howell, S.B. Cenko, J.M. Silverman, H. Ebeling, F. Taddia,
J. Johansson, R.R. Laher, J. Surace, U.D. Rebbapragada, P.R. Wozniak, T. Matheson, The
Astrophysical Journal 818(1), 3 (2016). DOI 10.3847/0004-637X/818/1/3. URL http:
//adsabs.harvard.edu/abs/2016ApJ...818....3K
92. E. Nakar, R. Sari, The Astrophysical Journal 725(1), 904 (2010). DOI 10.1088/0004-637X/
725/1/904. URL http://adsabs.harvard.edu/abs/2010ApJ...725..904N
93. I. Rabinak, E. Waxman, The Astrophysical Journal 728(1), 63 (2011). DOI 10.1088/
0004-637X/728/1/63. URL http://adsabs.harvard.edu/abs/2011ApJ...
728...63R
94. R.P. Kirshner, J.B. Oke, M.V. Penston, L. Searle, The Astrophysical Journal 185, 303 (1973).
DOI 10.1086/152417. URL http://adsabs.harvard.edu/abs/1973ApJ...
185..303K
95. L. Dessart, C.P. Gutierrez, M. Hamuy, D.J. Hillier, T. Lanz, J.P. Anderson, G. Folatelli,
W.L. Freedman, F. Ley, N. Morrell, S.E. Persson, M.M. Phillips, M. Stritzinger, N.B.
Suntzeff, Monthly Notices of the Royal Astronomical Society 440(2), 1856 (2014). DOI
10.1093/mnras/stu417. URL http://adsabs.harvard.edu/abs/2014MNRAS.
440.1856D
96. C.P. Gutie´rrez, J.P. Anderson, M. Hamuy, S. Gonza´lez-Gaita´n, G. Folatelli, N.I. Morrell,
M.D. Stritzinger, M.M. Phillips, P. McCarthy, N.B. Suntzeff, J. Thomas-Osip, The Astro-
Hydrogen-rich Core Collapse Supernovae 37
physical Journal 786(2), L15 (2014). DOI 10.1088/2041-8205/786/2/L15. URL http:
//adsabs.harvard.edu/abs/2014ApJ...786L..15G
97. E.M. Schlegel, R.P. Kirshner, J.P. Huchra, R.E. Schild, The Astronomical Journal 111, 2038
(1996). DOI 10.1086/117939. URL http://adsabs.harvard.edu/abs/1996AJ.
...111.2038S
98. J.H. Groh, Astronomy & Astrophysics 572, L11 (2014). DOI 10.1051/0004-6361/
201424852. URL http://adsabs.harvard.edu/abs/2014A{%}26A...572L.
.11G
99. L. Dessart, D.J. Hillier, E. Audit, E. Livne, R. Waldman, Monthly Notices of the Royal
Astronomical Society 458(2), 2094 (2016). DOI 10.1093/mnras/stw336. URL http://
adsabs.harvard.edu/abs/2016MNRAS.458.2094D
100. D. Leonard, A. Filippenko, E. Gates, W. Li, R. Eastman, A. Barth, S. Bus, R. Chornock,
A. Coil, S. Frink, C. Grady, A. Harris, M. Malkan, T. Matheson, A. Quirrenbach, R. Treffers,
Publications of the Astronomical Society of the Pacific 114(791), 35 (2002). DOI 10.1086/
324785. URL http://adsabs.harvard.edu/abs/2002PASP..114...35L
101. . Barbon, . Benetti, . Cappellaro, . Patat, . Turatto, . Iijima, Astronomy and Astrophysics
Supplement (1995). URL http://adsabs.harvard.edu/abs/1995A{%}26AS.
.110..513B
102. P. Nugent, M. Sullivan, R. Ellis, A. GalYam, D.C. Leonard, D.A. Howell, P. Astier, R.G.
Carlberg, A. Conley, S. Fabbro, D. Fouchez, J.D. Neill, R. Pain, K. Perrett, C.J. Pritchet,
N. Regnault, The Astrophysical Journal 645(2), 841 (2006). DOI 10.1086/504413. URL
http://adsabs.harvard.edu/abs/2006ApJ...645..841N
103. M. Fraser, M. Ergon, J.J. Eldridge, S. Valenti, A. Pastorello, J. Sollerman, S.J. Smartt,
I. Agnoletto, I. Arcavi, S. Benetti, M.T. Botticella, F. Bufano, A. Campillay, R.M. Crock-
ett, A. Gal-Yam, E. Kankare, G. Leloudas, K. Maguire, S. Mattila, J.R. Maund, F. Sal-
gado, A. Stephens, S. Taubenberger, M. Turatto, Monthly Notices of the Royal Astro-
nomical Society 417(2), 1417 (2011). DOI 10.1111/j.1365-2966.2011.19370.x. URL
http://adsabs.harvard.edu/abs/2011MNRAS.417.1417F
104. M. Hamuy, P.A. Pinto, The Astrophysical Journal 566(2), L63 (2002). DOI 10.1086/339676.
URL http://adsabs.harvard.edu/abs/2002ApJ...566L..63H
105. D. Poznanski, N. Butler, A.V. Filippenko, M. Ganeshalingam, W. Li, J.S. Bloom,
R. Chornock, R.J. Foley, P.E. Nugent, J.M. Silverman, S.B. Cenko, E.L. Gates, D.C.
Leonard, A.A. Miller, M. Modjaz, F.J.D. Serduke, N. Smith, B.J. Swift, D.S. Wong, The
Astrophysical Journal 694(2), 1067 (2009). DOI 10.1088/0004-637X/694/2/1067. URL
http://adsabs.harvard.edu/abs/2009ApJ...694.1067P
106. R.P. Kirshner, J. Kwan, The Astrophysical Journal 197, 415 (1975). DOI 10.1086/153527.
URL http://adsabs.harvard.edu/abs/1975ApJ...197..415K
107. R.G. Eastman, B.P. Schmidt, R. Kirshner, The Astrophysical Journal 466, 911 (1996). DOI
10.1086/177563. URL http://adsabs.harvard.edu/abs/1996ApJ...466.
.911E
108. E. Baron, P.E. Nugent, D. Branch, P.H. Hauschildt, The Astrophysical Journal 616(2),
L91 (2004). DOI 10.1086/426506. URL http://adsabs.harvard.edu/abs/
2004ApJ...616L..91B
109. L. Dessart, D.J. Hillier, Astronomy and Astrophysics 447(2), 691 (2006). DOI 10.1051/
0004-6361:20054044. URL http://adsabs.harvard.edu/abs/2006A{%}26A.
..447..691D
110. N.N. Chugai, R.A. Chevalier, V.P. Utrobin, The Astrophysical Journal 662(2), 1136 (2007).
DOI 10.1086/518160. URL http://adsabs.harvard.edu/abs/2007ApJ...
662.1136C
111. A. Pastorello, D. Sauer, S. Taubenberger, P.A. Mazzali, K. Nomoto, K.S. Kawabata,
S. Benetti, N. Elias-Rosa, A. Harutyunyan, H. Navasardyan, L. Zampieri, T. Iijima, M.T.
Botticella, G. Di Rico, M. Del Principe, M. Dolci, S. Gagliardi, M. Ragni, G. Valentini,
Monthly Notices of the Royal Astronomical Society 370(4), 1752 (2006). DOI 10.1111/j.
1365-2966.2006.10587.x. URL http://adsabs.harvard.edu/abs/2006MNRAS.
370.1752P
38 Iair Arcavi
112. C. Inserra, M. Turatto, A. Pastorello, M.L. Pumo, E. Baron, S. Benetti, E. Cappellaro,
S. Taubenberger, F. Bufano, N. Elias-Rosa, L. Zampieri, A. Harutyunyan, A.S. Moskvitin,
M. Nissinen, V. Stanishev, D.Y. Tsvetkov, V.P. Hentunen, V.N. Komarova, N.N. Pavlyuk, V.V.
Sokolov, T.N. Sokolova, Monthly Notices of the Royal Astronomical Society 422(2), 1122
(2012). DOI 10.1111/j.1365-2966.2012.20685.x. URL http://adsabs.harvard.
edu/abs/2012MNRAS.422.1122I
113. C. Inserra, A. Pastorello, M. Turatto, M.L. Pumo, S. Benetti, E. Cappellaro, M.T. Botticella,
F. Bufano, N. Elias-Rosa, A. Harutyunyan, S. Taubenberger, S. Valenti, L. Zampieri, As-
tronomy & Astrophysics 555, A142 (2013). DOI 10.1051/0004-6361/201220496. URL
http://adsabs.harvard.edu/abs/2013A{%}26A...555A.142I
114. A. Jerkstrand, S.J. Smartt, M. Fraser, C. Fransson, J. Sollerman, F. Taddia, R. Kotak, Monthly
Notices of the Royal Astronomical Society 439(4), 3694 (2014). DOI 10.1093/mnras/stu221.
URL http://adsabs.harvard.edu/abs/2014MNRAS.439.3694J
115. A. Jerkstrand, M. Ergon, S.J. Smartt, C. Fransson, J. Sollerman, S. Taubenberger, M. Bersten,
J. Spyromilio, Astronomy & Astrophysics 573, A12 (2014). DOI 10.1051/0004-6361/
201423983. URL http://adsabs.harvard.edu/abs/2015A{%}26A...573A.
.12J
116. R. Kotak, P. Meikle, M. Pozzo, S.D. van Dyk, D. Farrah, R. Fesen, A.V. Filippenko, R.J. Fo-
ley, C. Fransson, C.L. Gerardy, P.A. Ho¨flich, P. Lundqvist, S. Mattila, J. Sollerman, J.C.
Wheeler, The Astrophysical Journal 651(2), L117 (2006). DOI 10.1086/509655. URL
http://adsabs.harvard.edu/abs/2006ApJ...651L.117K
117. K. Maguire, E. Di Carlo, S.J. Smartt, A. Pastorello, D.Y. Tsvetkov, S. Benetti, S. Spiro, A.A.
Arkharov, G. Beccari, M.T. Botticella, E. Cappellaro, S. Cristallo, M. Dolci, N. Elias-Rosa,
M. Fiaschi, D. Gorshanov, A. Harutyunyan, V.M. Larionov, H. Navasardyan, A. Pietrinferni,
G. Raimondo, G.D. Rico, S. Valenti, G. Valentini, L. Zampieri, Monthly Notices of the Royal
Astronomical Society 404(2), 981 (2010). DOI 10.1111/j.1365-2966.2010.16332.x. URL
http://adsabs.harvard.edu/abs/2010MNRAS.404..981M
118. C. Badenes, J. Harris, D. Zaritsky, J.L. Prieto, The Astrophysical Journal 700(1), 727
(2009). DOI 10.1088/0004-637X/700/1/727. URL http://adsabs.harvard.edu/
abs/2009ApJ...700..727B
119. R. Henry, G. Worthey, Publications of the Astronomical Society of the Pacific 111(762),
919 (1999). DOI 10.1086/316403. URL http://adsabs.harvard.edu/abs/
1999PASP..111..919H
120. C.A. Tremonti, T.M. Heckman, G. Kauffmann, J. Brinchmann, S. Charlot, S.D.M. White,
M. Seibert, E.W. Peng, D.J. Schlegel, A. Uomoto, M. Fukugita, J. Brinkmann, The As-
trophysical Journal 613(2), 898 (2004). DOI 10.1086/423264. URL http://adsabs.
harvard.edu/abs/2004ApJ...613..898T
121. J.P. Anderson, P.A. James, Monthly Notices of the Royal Astronomical Society 390(4), 1527
(2008). DOI 10.1111/j.1365-2966.2008.13843.x. URL http://adsabs.harvard.
edu/abs/2008MNRAS.390.1527A
122. L. Galbany, V. Stanishev, A.M. Moura˜o, M. Rodrigues, H. Flores, R. Garcı´a-Benito, D. Mast,
M.A. Mendoza, S.F. Sa´nchez, C. Badenes, J. Barrera-Ballesteros, J. Bland-Hawthorn,
J. Falco´n-Barroso, B. Garcı´a-Lorenzo, J.M. Gomes, R.M. Gonza´lez Delgado, C. Kehrig,
M. Lyubenova, A.R. Lo´pez-Sa´nchez, A. de Lorenzo-Ca´ceres, R.A. Marino, S. Meidt,
M. Molla´, P. Papaderos, M.A. Pe´rez-Torres, F.F. Rosales-Ortega, G. van de Ven, Astron-
omy & Astrophysics 572, A38 (2014). DOI 10.1051/0004-6361/201424717. URL http:
//adsabs.harvard.edu/abs/2014A{%}26A...572A..38G
123. J.P. Anderson, S.M. Habergham, P.A. James, M. Hamuy, Monthly Notices of the Royal As-
tronomical Society 424(2), 1372 (2012). DOI 10.1111/j.1365-2966.2012.21324.x. URL
http://adsabs.harvard.edu/abs/2012MNRAS.424.1372A
124. S.M. Habergham, J.P. Anderson, P.A. James, J.D. Lyman, Monthly Notices of the Royal
Astronomical Society 441(3), 2230 (2014). DOI 10.1093/mnras/stu684. URL http://
adsabs.harvard.edu/abs/2014MNRAS.441.2230H
125. S. van den Bergh, The Astronomical Journal 113, 197 (1997). DOI 10.1086/118244. URL
http://adsabs.harvard.edu/abs/1997AJ....113..197V
Hydrogen-rich Core Collapse Supernovae 39
126. D.Y. Tsvetkov, N.N. Pavlyuk, O.S. Bartunov, Astronomy Letters 30(11), 729 (2004).
DOI 10.1134/1.1819491. URL http://adsabs.harvard.edu/abs/2004AstL.
..30..729T
127. J.P. Anderson, P.A. James, Monthly Notices of the Royal Astronomical Society 399(2), 559
(2009). DOI 10.1111/j.1365-2966.2009.15324.x. URL http://adsabs.harvard.
edu/abs/2009MNRAS.399..559A
128. A.A. Hakobyan, G.A. Mamon, A.R. Petrosian, D. Kunth, M. Turatto, Astronomy and
Astrophysics 508(3), 1259 (2009). DOI 10.1051/0004-6361/200912795. URL http:
//adsabs.harvard.edu/abs/2009A{%}26A...508.1259H
129. J.P. Anderson, R.A. Covarrubias, P.A. James, M. Hamuy, S.M. Habergham, Monthly Notices
of the Royal Astronomical Society 407(4), 2660 (2010). DOI 10.1111/j.1365-2966.2010.
17118.x. URL http://adsabs.harvard.edu/abs/2010MNRAS.407.2660A
130. N. Prantzos, S. Boissier, Astronomy and Astrophysics 406(1), 259 (2003). DOI 10.1051/
0004-6361:20030717. URL http://adsabs.harvard.edu/abs/2003A{%}26A.
..406..259P
131. I. Arcavi, A. Gal-Yam, M.M. Kasliwal, R.M. Quimby, E.O. Ofek, S.R. Kulkarni, P.E.
Nugent, S.B. Cenko, J.S. Bloom, M. Sullivan, D.A. Howell, D. Poznanski, A.V. Filip-
penko, N. Law, I. Hook, J. Jo¨nsson, S. Blake, J. Cooke, R. Dekany, G. Rahmer, D. Hale,
R. Smith, J. Zolkower, V. Velur, R. Walters, J. Henning, K. Bui, D. McKenna, J. Jacobsen,
The Astrophysical Journal 721(1), 777 (2010). DOI 10.1088/0004-637X/721/1/777. URL
http://adsabs.harvard.edu/abs/2010ApJ...721..777A
132. I. Arcavi, Proceedings of the International Astronomical Union 7(S279), 34 (2012).
DOI 10.1017/S1743921312012653. URL http://adsabs.harvard.edu/abs/
2012IAUS..279...34A
133. F. Taddia, J. Sollerman, A. Razza, E. Gafton, A. Pastorello, C. Fransson, M.D.
Stritzinger, G. Leloudas, M. Ergon, Astronomy & Astrophysics 558, A143 (2013).
DOI 10.1051/0004-6361/201322276. URL http://adsabs.harvard.edu/abs/
2013A{%}26A...558A.143T
